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Gating Rearrangements in Cyclic Neurotechnique
Nucleotide-Gated Channels Revealed
by Patch-Clamp Fluorometry
1998) and mutagenesis studies (Zong et al., 1998; Pao-
letti et al., 1999) suggest that the C linker plays an impor-
tant role in gating of CNG channels. How the binding of
cyclic nucleotides is energetically coupled to the open-
ing of the pore remains elusive.
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To better understand the conformational rearrange-
ments during CNG channel activation, we developed a
method that we tentatively termed patch-clamp fluo-
rometry (PCF). It combines electrical recording of theSummary
channel in an inside-out patch and fluorescence re-
cording of the emission of fluorophores attached to spe-Site-specific fluorescence recordings have shown great
promise in understanding conformational changes in cific sites on the channel protein. Like the recently re-
ported voltage-clamp fluorometry (VCF) method usingsignaling proteins. The reported applications on ion
channels have been limited to extracellular sites in whole oocytes (Mannuzzu et al., 1996; Cha and Bezani-
lla, 1997), PCF allows simultaneous monitoring of thewhole oocyte preparations. We are now able to directly
monitor gating movements of the intracellular domains channel’s functional states using current recording and
the conformational states using changes in fluores-of cyclic nucleotide-gated channels using simultane-
ous site-specific fluorescence recording and patch- cence. Fluorescence recording from inside-out patches
allows for the additional advantage of access to theclamp current recording from inside-out patches.
Fluorescence signals were reliably observed when flu- intracellular side of the channel protein where many
important functions are carried out. An isolated patchorophore was covalently attached to a site between
the cyclic nucleotide-binding domain and the pore. membrane also eliminates possible background fluores-
cence from intracellular constituents and provides fasterWhile iodide, an anionic quencher, has a higher
quenching efficiency in the channel’s closed state, clamping speed. Using this technique, we show for the
first time that rearrangements of charged or dipolar resi-thallium ion, a cationic quencher, has a higher quench-
ing efficiency in the open state. The state and charge dues around the C linker are associated with the activa-
tion of CNG channels.dependence of quenching suggests movements of
charged or dipolar residues near the fluorophore dur-
ing CNG channel activation. Results and Discussion
Introduction Site-Specific Fluorescent Labeling of Channel
Proteins in Inside-Out Patches
Cyclic nucleotide-gated (CNG) channels play a key role Site-specific labeling of cyclic nucleotide-gated chan-
in sensory transduction of both visual and olfactory sys- nels was achieved by applying the cysteine-reactive flu-
tems (Yau and Baylor, 1989; Zufall et al., 1994). First orophore Alexa Fluor 488 C5 maleimide to the inside
cloned from rod photoreceptors (Kaupp et al., 1989) and face of an inside-out patch. The patch membrane con-
olfactory neurons (Dhallan et al., 1990; Ludwig et al., tained channels formed by bovine rod CNG channel a
1990; Goulding et al., 1992), CNG channels are ex- subunits (CNG1) in which all the endogenous cysteines
pressed in a variety of tissues including the brain. Bind- except C481 have been mutated (Matulef et al., 1999).
ing of cyclic nucleotides to an intracellular domain of C481 is located in the C linker (Figure 1). Chemical
the channel causes conformational rearrangements modification or amino acid substitution of this residue
that open the ion permeation pathway (Zagotta and shifts cGMP sensitivity of the channel by 10- to 100-
Siegelbaum, 1996). CNG channels are structurally simi- fold, suggesting that the microenvironment around C481
lar to voltage-gated potassium channels (Jan and Jan, changes during activation (Gordon et al., 1997; Brown
1990), formed by four subunits that each consists of six et al., 1998). After fluorescence labeling, the patch mem-
putative transmembrane segments (S1–S6) and a pore- brane showed strong fluorescence (Figures 2A1 and 2A2).
forming region (Zagotta and Siegelbaum, 1996) (Figure The tip of the patch pipette was also frequently found
1). Unlike voltage-gated channels that are activated by to be fluorescent, which was probably caused by mem-
movements of the S4 segments (voltage sensors) in brane stuck on the glass. Confocal microscopy clearly
response to changes in transmembrane voltage (Sig- showed that the fluorescence came from the membrane,
worth, 1994; Yellen, 1998), CNG channels are activated not the space inside the patch (Figure 2B). No fluores-
by binding of the second messengers cGMP and cAMP cence was seen in the absence of fluorophore, and a
to an intracellular cyclic nucleotide binding domain in similar fluorescence pattern was seen for patches con-
each subunit. The binding domain is linked to the pore taining channel-YFP (yellow fluorescent protein) fusion
region by the “C linker” that is about 90 amino acids proteins without fluorescent labeling (data not shown).
in length. Chemical modification (Gordon and Zagotta,
1995a, 1995b; Gordon et al., 1996, 1997; Brown et al., Quantification of Site-Specific
Fluorescent Labeling
We quantified the amount and time course of fluorescent* To whom correspondence should be addressed (e-mail: zagotta@
u.washington.edu). labeling of the C481 channels using simultaneous cur-
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Figure 1. The Membrane Topology of a Cyclic Nucleotide-Gated
Channel Subunit Illustrating the Position of Cysteine C481
All other endogenous cysteines (total of six) have been mutated. A
bound cGMP molecule is also shown. P, pore region; CNBD, cyclic
nucleotide binding domain.
rent and fluorescence recordings. C481 exhibits two
unique features that make this possible: (1) it is accessi-
ble for modification only when the channel is in the
open state; (2) modification of C481 on each subunit
progressively potentiates the channel so that large cur-
rents are elicited by cGMP at low concentrations that Figure 2. Imaging CNG Channels in Inside-Out Patches
do not appreciably activate the unmodified channel
(A) Pipette with patch membrane from an oocyte expressing C481
(Gordon et al., 1997; Brown et al., 1998). When fluoro- channels after labeling with 2 mM Alexa488 for 3 min in 1 mM cGMP
phore was applied to the patch in the absence of cGMP, solution. (A1), bright field; (A2), fluorescence.
there was an increase in fluorescence intensity without (B) Confocal image of a patch pipette after Alexa488 labeling. Scale
bar is 50 mm.an increase in current (Figure 3A, trace 2, compare to
trace 1). This was probably due to fluorophores attached
to background cysteines and other nonspecific sites in
course, 6.2 6 3.7 M21s21 (n 5 6) (Figure 3D, bottom). Asthe membrane. No detectable current was elicited by 5
a further test, we compared the amplitude of the cGMP-mM cGMP, indicating that little or no labeling of C481
dependent fluorescence increase to the channel den-had occurred. Subsequent application of fluorophore in
sity, as determined by the amount of current at 1 mMthe presence of 1 mM (saturating concentration) cGMP
cGMP in the same patch. A reasonably good correlationfurther increased the fluorescence intensity (Figure 3A,
between the cGMP-dependent fluorescence increasetrace 3, and Figure 3B, n 5 3). The current activated by
and the channel density was observed (n 5 10 patches;5 mM cGMP was also increased, suggesting that this
Figure 3E). These experiments confirmed that a substan-cGMP-dependent fluorescence increase was caused by
tial fraction of the fluorescence signal came from fluoro-fluorophores attached to C481. No cGMP-dependent
phores attached to the channels.increase in either fluorescence or current was seen when
the same experiment was carried out on cysteineless
channels; only background fluorescence was observed Stable Fluorescence Intensity
during Channel Activation(Figure 3C, n 5 3). Treatment with 2 mM N-ethyl-malei-
mide before fluorescent labeling did not eliminate the After the channel was fully labeled by fluorophore, the
total fluorescence intensity at various cGMP concentra-background fluorescence (data not shown).
The time course of cGMP-dependent fluorescence tions was measured. If gating rearrangements of the
channel affect the fluorophore’s quantum efficiency (theincrease provided the first direct measurement of the
rate of modification. The time course of current increase efficiency with which it converts absorbed light into
emitted fluorescent light), one would expect changes inin C481 channels was well described by a model in which
modification of each subunit progressively increases the fluorescence intensity associated with changes in chan-
nel open probability. Modification of C481 by Alexa488equilibrium constant of the opening allosteric transition
(see Equation 1 in Experimental Procedures) (Matulef et C5 maleimide caused approximately a 10-fold increase
in the apparent affinity for cGMP (Figure 4A), as pre-al., 1999). Fitting of this model to the time course of the
current increase (Figure 3D, top) yielded an estimate of viously reported for other cysteine-modifying reagents
(Gordon et al., 1997; Brown et al., 1998). We found,the rate constant for open state modification of C481
by Alexa488 of 6.4 6 3.9 M21s21 (n 5 6). This value agrees however, that over a 10-fold change in open probability
of the modified channel produced no detectable changevery well with the rate constant for the fluorescence time
Channel Gating Revealed by Patch-Clamp Fluorometry
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Figure 3. Specific Labeling of the Cysteine Residue in C481 Channels
(A) Fluorescence traces (green) and current traces in response to 5 mM cGMP (red) taken before (1) and after (2) exposure to Alexa488 C5
maleimide in the absence of cGMP for 1.5 min, and after subsequent exposure to Alexa488 C5 maleimide in 1 mM cGMP for 3 min (3). The
bar on the top marks the duration of shutter opening. Currents were elicited by voltage steps from a holding potential of 0 mV to 220 mV
and then 120 mV. No difference in fluorescence intensity was observed when measured at depolarized or hyperpolarized voltages.
(B) Fluorescence intensity (green) and current (red) elicited by 5 mM cGMP were recorded after repetitive brief exposures to 2 mM Alexa488
either in the absence of cGMP (open bars) or in 1 mM cGMP (closed bars). Leak current (blue) did not change throughout the experiment.
Example traces are shown in (A) for points labeled 1, 2, and 3.
(C) Similar experiment as in (B) on cysteineless channels.
(D) Fluorescence and current in response to 5 mM cGMP are plotted as functions of cumulative exposure time to Alexa488 C5 maleimide in
1 mM cGMP solution. Solid lines are fits of an exponential function to the fluorescence (top) or Equation 1 to the current (bottom).
(E) Correlation between the cGMP-dependent fluorescence intensity and the channel density as measured by the maximum current of the
patch.
in fluorescence intensity (Figure 4B). This suggests that, Equation 2 in Experimental Procedures) that is de-
while movement of C481 is associated with the gating termined by the lifetime of the fluorophore without
rearrangements, changes in the local environment of quencher and the bimolecular rate constant for collision
the fluorophore do not affect the quantum efficiency of the quencher with the fluorophore (Lakowicz, 1999).
of the fluorophore. This was expected from the fact that A higher Kq value indicates that the quencher is more
the fluorophore we used, Alexa Fluor 488 C5 maleimide, readily accessible to the fluorophore. When a patch la-
is environmentally insensitive. Stable fluorescence in- beled with Alexa488 (Figure 5A) was exposed to 50 mM
tensity greatly facilitated the fluorescence quenching iodide solution, the fluorescence intensity was reduced
analysis described below. by about 30%. Lower concentrations of iodide produced
less quenching. This quenching was fully reversible
upon washing out the iodide solution. The concentrationState- and Charge-Dependent
dependence of the quenching can be plotted on a modi-Fluorescence Quenching
fied Stern-Volmer plot that predicts a linear relationshipAfter we confirmed that quantum efficiency did not
for a single quenching species. Consistent with the factchange during activation, conformational changes of
that there were two fluorophore populations in the patch,the channel were probed using fluorescence quenching.
those attached to the channel and those associatedQuenching by iodide, an anionic quencher, involves a
with the background (see Figure 3B), the plots werecollisional quenching mechanism (Lehrer, 1971) and is
nonlinear (Figure 5B). Fitting of Equation 3 to the datavery sensitive to changes in the fluorophore’s local envi-
yielded estimates of Kq’s for both fluorophore popula-ronment. Collisional quenching is concentration-depen-
dent, with a characteristic quenching constant Kq (see tions. Interestingly, the iodide concentration depen-
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a positively charged quencher is expected to do the
opposite, that is, to quench fluorophore in open chan-
nels more effectively than in closed channels. Thallium
ion, a cationic collisional quencher, was applied to
patches in both closed and open states of the channels.
As shown in the modified Stern-Volmer plot (Figure 5D),
thallium ion quenching was more effective in open chan-
nels. The Kq for open state quenching was measured to
be 160 6 47 M21 (n 5 3), compared to 80 6 16 M21 (n 5
3) for the closed state quenching. These same patches
showed greater iodide quenching in closed channels. It
is thus likely that the conformational changes revealed
by state-dependent quenching involve movements of
charged or dipolar residues relative to C481. The oppo-
site quenching effects by the two charged quenchers
also argue against mechanisms that involve changes in
accessibility to the fluorophore, either by space restric-
tion or hydrophobicity.
A possible mechanism for state-dependent quench-
ing is illustrated in Figure 5E. We propose that there are
positively charged or dipolar residues close to C481-
attached fluorophore in the closed channel that attract
anionic ions like iodide and repel cationic ions like thal-
Figure 4. Channel Activation Causes No Change in Fluorescence lium. Conformational rearrangements associated with
Intensity
channel activation separate the positive charges and
(A) Currents before (open circles) and after (closed circles) Alexa488
the fluorophore. Conformational rearrangements thatlabeling are normalized to that measured with 1 mM cGMP. The
expose C481, as depictured in Figure 5E, are consistentsmooth curves are fits of a Hill equation:
with the fact that the rate of modifying C481 is faster in
I
Imax
5
1
1 1 1 Kd[cG]2
n . open channels than in closed channels (Gordon et al.,
1997; Brown et al., 1998) (Figure 3). Furthermore, while
MTSES, a negatively charged cysteine-modifying re-
The fitting parameters are as follows: before labeling, Kd 5 50 mM, agent, has little effect on C481 channel gating, MTSET,
n 5 1.8; after labeling, Kd 5 2.8 mM, n 5 1.6. a structurally similar but positively charged reagent, de-
(B) Normalized fluorescence intensity measured from the same creases the free energy of opening by 5.9 kcal/mol
patch as in (A).
(Brown et al., 1998). Although the quenching data can be
qualitatively explained by negatively charged residues
moving closer to C481 in the open state, we think that isdence was very different for quenching of fluorophore
less likely given that neutral bulky modification reagentsin closed and open channels. The measured Kq for the
attached to this site also promote channel opening (Gor-channel-attached fluorophore was 27.3 6 8.8 M21 in
don et al., 1997). Bulk effects can also explain whyopen channels (in 1 mM cGMP, n 5 3), and 153.3 6 71.1
MTSES and other negatively charged modifiers (includ-M21 in closed channels (in the absence of cGMP, n 5
ing Alexa488) do not inhibit the channel. These charged3). The Kq for closed channels is considerably higher
or dipolar residues are not expected to move within thethan the Kq for free fluorophore in solution, 14.5 M21
electric field across the membrane since gating of CNG(data not shown). As expected, the Kq associated with
channels shows very little voltage dependence. Morethe background fluorophore was found to be identical
likely these charged or dipolar residues are located intra-to that measured from uninjected oocytes or oocytes
cellularly between the cyclic nucleotide binding domainexpressing channels with all the cysteines mutated and
and the gate. Movement of these charged or dipolardid not change with the addition of cGMP (Figure 5C).
residues couples ligand binding to the opening of theThough it remains possible that state-dependent quench-
gate.ing reflects interaction between iodide ions and bound
Measurements from fluorophores attached to spe-cGMP molecules, we favor the idea that the iodide
cific target residues on channel proteins combinedquenching experiments revealed local conformational
with electrical recording of the current conducted bychanges not seen by fluorescence intensity measure-
the same channels has shown great promise for provid-ments in the absence of quencher.
ing structural information on channel gating (Cha etHow can the efficiency of iodide quenching be higher
al., 1999; Glauner et al., 1999). Now study of fluoro-in closed channels than in open channels and in free
phores attached to the channel’s intracellular side usingsolution? One conceivable way to achieve a high Kq is by
inside-out patches will allow us to monitor gating re-electrostatic interactions between negatively charged
arrangements in intracellular domains where the gatesiodide ions and positively charged residues in the vicin-
and binding sites for allosteric modulators are oftenity of the fluorophore, a mechanism that has been pro-
located. Improvements in this technique may eventuallyposed for quenching of tryptophyl fluorescence of lyso-
enable combination of single-channel fluorescence re-zyme (Lehrer, 1971) and fluorophore attached to skeletal
muscle myosin (MacLean et al., 2000). If this is the case, cording and standard single-channel current recording
Channel Gating Revealed by Patch-Clamp Fluorometry
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Figure 5. State-Dependent Quenching
(A) Bright field (left) and fluorescence (right)
images of the patch used in (B).
(B) Modified Stern-Volmer plots of the con-
centration dependence of iodide quenching
for the closed (circles) and open (squares)
states. Solid lines are fits of Equation 3 with
Kq1 5 34 M21 (open state) or 174 M21 (closed
state), Kq2 5 5 M21, and f 5 21%.
(C) Quenching of uninjected oocytes (open
symbols) or oocytes expressing cysteineless
channels (closed symbols) in the absence
(circles) and presence (squares) of 1 mM
cGMP. Solid line is a fit of Equation 2 with
Kq 5 5.4 M21.
(D) Thallium quenching of C481-attached flu-
orescein in the closed (circles) and open
(squares) states. Kq1 5 119 M21 (open state)
or 64 M21 (closed state), Kq2 5 1 M21, and f 5
12%.
(E) A cartoon illustrating a possible molecular
mechanism for state-dependent quenching.
tion light from a mercury lamp in conjunction with a TTL-controlledto study gating conformational changes at the single
shutter (Vincent Associates), or from a monochromator driven bymolecule level.
the Cairn Optoscan system (Cairn Research LTD, UK) was focused
on the patch using epifluorescence on a Nikon Diaphot 300 invertedExperimental Procedures
microscope. Exposure time to the excitation light was 50 ms for
each trial. Under the same conditions, the photobleaching rate forChannel Constructs and Solutions
Alexa488 was measured to be 3.4 6 0.2 min (n 5 3). The fluorescencecDNAs encoding the rod cyclic nucleotide-gated channel CNG1 with
signal from the patch was collected by a 403 oil immersion objectivea single endogenous cysteine C481 or no cysteines were previously
(numerical aperture of 1.3), restricted by an adjustable diaphragmdescribed (Matulef et al., 1999). Oocyte preparation and patch-
at the exit port of the microscope, and detected by a photomultiplierclamp recording followed the standard procedures (for example,
tube (Hamamatsu R6095). The output voltage of the photomultipliersee Hamill et al., 1981, and Matulef et al., 1999). Pipettes with resis-
tube was in the linear range, and the signal was filtered at 100 Hztance of 200–500 KV were generally used to form giant patches.
and digitized along with the current signal using an Instrutech ITC-Both pipette and bath solutions contained 130 mM NaCl, 0.2 mM
16 and Pulse data acquisition software (HEKA). Fluorescent signalEDTA, and 3 mM HEPES (pH 7.2). cGMP was added to the bath
was detectable from patches with as little as 300 pA current at 120solution to a final concentration up to 1 mM. Alexa Fluor 488 C5
mV, which corresponds to about 500 channels. This, however, is anmaleimide (Molecular Probes), a fluorophore with similar excitation
underestimate of the number of fluorophore molecules becauseand emission spectra to that of fluorescein but with better photo-
channels in the membrane that is attached to the rim of the pipettechemical properties, was diluted to a final concentration of 2 mM
are not voltage-clamped. The position of the patch and the size ofin the bath solution containing either no cGMP or 1 mM cGMP. Anti-
the diaphragm were monitored by a CCD camera also attached toAlexa488 antibody (Molecular Probes) was added to the pipette
the microscope’s exit port. Filter sets for fluorescein were used.solution at 4 mg/ml to scavenge any fluorophore that might leak into
Ionic current was recorded with an Axopatch 200A amplifier (Axonthe pipette. The quenching efficiency of the antibody in solution is
Instrument). Confocal microscopy was done using a Leica Spectralover 90%. For quenching experiments, NaI, up to 50 mM, replaced
confocal microscope at the Keck Imaging Center of University ofNaCl in the bath solution. When thallium was used, NaNO2 was used
Washington.instead of NaCl in the bath, and TlNO2 up to 50 mM replaced NaNO2.
Fluorescein maleimide (Toronto Research Chemicals, Inc.) was used
in thallium quenching experiments because thallium did not quench
Modeling C481 ModificationAlexa488 effectively.
The time course of current potentiation by Alexa488 modification
of C481 was fitted with a model assuming independent modifica-Recording of Fluorescence Signal in Patches
tion of each subunit progressively increases the equilibrium con-Fluorophore solution was applied to the inside-out patch membrane
stant of the allosteric conformational change following two indepen-through a separate perfusion tube that was immersed in the bath
dent ligand binding steps, as previously described (Matulef et al.,only during labeling; free fluorophore was subsequently washed
away completely before photometric readouts were made. Excita- 1999). Briefly, the channel open probability, P0, is calculated as:
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Primary structure and functional expression of a cyclic nucleotide-
P0 5 (1 2 p)23 K
2[cG]2L
1 1 2K[cG] 1 K2[cG]2 1 K2[cG]2L4 activated channel from olfactory neurons. Nature 347, 184–187.
Glauner, K.S., Mannuzzu, L.M., Gandhi, C.S., and Isacoff, E.Y. (1999).
1 2p(1 2 p)3 K
2[cG]2Lx
1 1 2K[cG] 1 K2[cG]2 1 K2[cG]2Lx4 (1) Spectroscopic mapping of voltage sensor movement in the Shaker
potassium channel. Nature 402, 813–817.
Gordon, S.E., and Zagotta, W.N. (1995a). A histidine residue associ-1 p23 K
2[cG]2Lx2
1 1 2K[cG] 1 K2 [cG]2 1 K2[cG]2Lx24 ated with the gate of the cyclic nucleotide- activated channels in
rod photoreceptors. Neuron 14, 177–183.
in which K and L are equilibrium constants for the binding of cGMP
Gordon, S.E., and Zagotta, W.N. (1995b). Localization of regionsto a subunit and the allosteric transition, respectively; [cG] is the
affecting an allosteric transition in cyclic nucleotide-activated chan-cGMP concentration; x is the fold effect of modification of each
nels. Neuron 14, 857–864.C481 on L; and p is the probability of modifying a single C481 that
Gordon, S.E., Oakley, J.C., Varnum, M.D., and Zagotta, W.N. (1996).follows a single exponential function of exposure time to modifica-
Altered ligand specificity by protonation in the ligand binding domaintion reagent. Because the activation of CNG channels generally
of cyclic nucleotide-gated channels. Biochemistry 35, 3994–4001.shows a Hill slope of 2 for activation by cGMP, only two binding
steps and two modification steps were modeled, though models Gordon, S.E., Varnum, M.D., and Zagotta, W.N. (1997). Direct inter-
with four modification steps would yield similar fitting results. action between amino- and carboxyl-terminal domains of cyclic
nucleotide-gated channels. Neuron 19, 431–441.
Fluorescence Quenching Goulding, E.H., Ngai, J., Kramer, R.H., Colicos, S., Axel, R.,
Quenching by iodide or thallium ion involves a collisional quenching Siegelbaum, S.A., and Chess, A. (1992). Molecular cloning and sin-
mechanism that can be described by the modified Stern-Volmer gle-channel properties of the cyclic nucleotide-gated channel from
equation: catfish olfactory neurons. Neuron 8, 45–58.
Hamill, O.P., Marty, A., Neher, E., Sakmann, B., and Sigworth, F.J.F0
F0 2 F
5 1 1
1
Kq[Q]
(2) (1981). Improved patch-clamp techniques for high-resolution cur-
rent recording from cells and cell-free membrane patches. Pflugers
in which F and F0 are fluorescence intensity with and without Arch. 391, 85–100.
quencher, respectively; Kq is the quenching constant; and [Q] is the Jan, L.Y., and Jan, Y.N. (1990). A superfamily of ion channels. Nature
concentration of the quencher (Lehrer, 1971; Lakowicz, 1999). The 345, 672.
steady-state fluorescence signal from the patch is modeled as from
Kaupp, U.B., Niidome, T., Tanabe, T., Terada, S., Bonigk, W.,two fluorophore populations, those attached to C481 in the channel
Stuhmer, W., Cook, N.J., Kangawa, K., Matsuo, H., Hirose, T., et al.and those bound nonspecifically to the membrane. Fluorescent
(1989). Primary structure and functional expression from comple-quenching can be described as:
mentary DNA of the rod photoreceptor cyclic GMP-gated channel.
Nature 342, 762–766.F0
F0 2 F
5
1
1 2
f
1 1 Kq1[Q]
2
1 2 f
1 1 Kq2[Q]
(3)
Lakowicz, J. (1999). Principle of Fluorescence Spectroscopy, Sec-
ond Edition (New York and London: Plenum Press).
Lehrer, S.S. (1971). Solute perturbation of protein fluorescence. The
in which Kq1 and Kq2 are quenching constants for channel-attached quenching of the tryptophyl fluorescence of model compounds and
fluorophores and nonspecifically bound fluorophores, respectively;
of lysozyme by iodide ion. Biochemistry 10, 3254–3263.
and f is the fraction of fluorophores on the channels. Kq2 was deter-
Ludwig, J., Margalit, T., Eismann, E., Lancet, D., and Kaupp, U.B.mined by fluorescence quenching of uninjected oocytes or oocytes
(1990). Primary structure of cAMP-gated channel from bovine olfac-expressing cysteineless channels. The quenching constant in so-
tory epithelium. FEBS Lett. 270, 24–29.lution was measured by diluting Alexa488 to a final concentration
MacLean, J.J., Chrin, L.R., and Berger, C.L. (2000). Dynamics atof 0.4 mM into solutions containing various concentrations of
Lys-553 of the acto-myosin interface in the weakly and stronglyquencher. Fluorescence intensity was then measured with a fluo-
bound states. Biophys. J. 78, 1441–1448.rometer.
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